We describe and demonstrate algorithms for treating cohesive and mixed sediment that have been added to the 15 Regional Ocean Modeling System (ROMS version 3.6), as implemented in the Coupled Ocean Atmosphere Wave Transport Modeling System (COAWST Subversion repository revision 1179). These include: floc dynamics (aggregation 17 and disaggregation in the water column); changes in floc characteristics in the seabed; erosion and deposition of cohesive 18 and mixed (combination of cohesive and non-cohesive) sediment; and biodiffusive mixing of bed sediment. These routines 19 supplement existing non-cohesive sediment modules, thereby increasing our ability to model fine-grained and mixed-20 sediment environments. Additionally, we describe changes to the sediment bed-layering scheme that improve the fidelity of 21 the modeled stratigraphic record. Finally, we provide examples of these modules implemented in idealized test cases and a 22 realistic application. 23
Fine cohesive sediment (mud) is present in almost every coastal environment, and influences water clarity, benthic habitats, 29
shoaling of harbors and channels, storage and transport of nutrients and contaminants, and morphologic evolution of 30 wetlands, deltas, estuaries, and muddy continental shelves (Winterwerp and van Kesteren, 2004; Edmonds and Slingerland, 31 2010; Caldwell and Edmonds, 2014; Mehta, 2014; Li et al., 2017) . The properties and behavior of mud depend on more than 32 the size, shape, and density of the individual particles, so they are more difficult to characterize and model than properties of 33 non-cohesive material like sand. Cohesive sediment often forms flocs that have lower densities, larger diameters, and faster 34 settling velocities than the primary particles. Acoustic and optical sensors respond differently to suspensions of flocculated 35 sediment, compared with similar mass concentrations of unflocculated particles, and these responses have important 36 influences on observations of suspended-sediment mass concentrations, especially in estuaries (for example, McCave and 37 Swift, 1976; McCave, 1984; Eisma, 1986; Hill and Nowell, 1995; Winterwerp, 1999 Winterwerp, , 2002 Cohesive sediment beds are distinguished by generally finer sediment, including some clay content, often are poorly sorted, 41 and have low bulk density (high water content). Cohesive beds have a tendency for bulk responses to bottom stress, rather 42 than individual particle responses. Cohesive beds have rheological properties that can range from fluids to Bingham plastics 43 to granular materials, and may change with time in response to changes in water content, biochemical processes and fluid or 44 geomechanical stresses (Dyer, 1986 seabed properties determine what sediment is exposed to the water column and available for transport. Small-scale 48 stratigraphy and grain-size distribution at the sediment-water interface also influence the grain roughness of the seabed, 49 affect the type of small-scale roughness (biogenic features and ripples) present on the bed, and control properties like 50 acoustic impedance of the seafloor. Biodiffusion influences stratigraphy by reducing gradients in grain size and other bed 51 properties and by mixing materials from deeper in the bed to closer to the surface, where they may be more susceptible to 52 transport. 53 7 where w ρ (kg/m 3 ) is the density of the interstitial water in the flocs. The fractal dimension for natural flocs is typically close 168 to 2.1 (Tambo and Watanabe, 1979; Kranenburg, 1994) . Floc densities increase as nf increases, and at nf = 3, the flocs are 169 solid particles with f s ρ ρ = .
All cohesive sediment classes are treated as flocs when the floc model is invoked, and the 170 processes of aggregation and disaggregation can shift mass of suspended sediment from one class to another. The floc model 171 is formulated as a Lagrangian process that takes place within a model cell over a baroclinic model time step while 172 conserving suspended mass in that cell, similar to the way that reaction terms are included in biogeochemical models (for 173 example, Fennel et al., 2006) . FLOCMOD simulates aggregation from two-particle collisions caused by either shear or 174 differential settling, and disaggregation caused by turbulence shear and/or collisions. The rate of change in the number 175 concentration N(k) (m -3 ) of particles in the k th floc class is controlled by a coupled set of k of differential equations 176 These parameters are specified by the user. The equilibrium floc size depends on the ratio of aggregation to breakup 186 parameters, and the rate of floc formation and destruction depends on their magnitudes (Winterwerp, 1999; 2002) . The 187 diameter, settling velocity, density, critical stress for erosion, and critical stress for deposition (described below) are required 188 inputs for each sediment class, both cohesive and non-cohesive (see Supplement). The present implementation requires a 189 fractal relationship between floc diameter and floc density (Kranenburg, 1994 used by adjusting input parameters, but alternative relationships between diameter and floc density (Khelifa and Hill, 2006; 193 Nguyen and Chua, 2011) would require changes to the aggregation and disaggregation terms in FLOCMOD. 194
Changes in floc size distribution within the bed 195
Changes in the size-class distribution of flocs are expected once they have been incorporated into the seabed, in contrast to 196 non-cohesive particles that retain their properties during cycles of erosion and deposition. For example, it seems unlikely that 197 large, low-density flocs can be buried and later resuspended intact, and limited published observations suggest that material 198 deposited as flocs can be eroded as denser, more angular aggregates (Stone et al., 2008) . However, we find little guidance for 199 constraining this process. We therefore have implemented floc evolution in the bed, a simple process that stipulates an 200 equilibrium cohesive size-class distribution and an associated relaxation time scale. The time-varying size-class distribution 201 in the bed tends toward the user-specified equilibrium distribution while conserving mass (see Supplement). If the 202 equilibrium distribution includes more smaller, denser particles and less larger, less-dense particles than the depositing flocs, 203 the particle population in the bed will evolve toward smaller, denser particles, changing the amount of material in the classes 204 that are available for resuspension when a cohesive bed is eroded. Example cases presented below demonstrate the effect of 205 this process and the associated time scale on floc distributions both in the bed and in the water column. 206
Bed -Water-Column Exchange 207

Fluxes into the bed -Critical shear stress for deposition 208
The settling flux of flocs (and all other size classes) into the bed (deposition) over a time step is calculated as , τ is typically about half the magnitude of the critical shear stress for erosion c τ , but is unrelated to 217 that value. Mehta (2014, Equation 9 .83) suggested a relationship between d τ for larger particles, using d τ values for the 218 smallest particles in suspension and the ratio of diameters raised to an exponent that depends on sediment properties (see 219 Supplement), citing Letter (2009) and Letter and Mehta (2011) . The effect of a critical shear stress for deposition is to keep 220 sediment in suspension in the bottom layer. This results in more material transported as suspended sediment and, for flocs, 221 allows aggregation and disaggregation processes to continue. 222
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A key component of the bed model is the active layer (Hirano, 1971) , which is the thin (usually mm-scale), top-most layer of 251 the seabed that participates in exchanges of sediment with the overlying water. During each model time step, deposition and 252 erosion may contribute or remove mass from the active layer. Any stratigraphy in the active layer is lost by instantaneous 253 mixing (Merkel and Klopmann, 2012) , but this is consistent with the original concept of Hirano (1971) and the need to 254 represent the spatially averaged surface sediment properties in a grid cell that represents a heterogeneous seabed. The 255 thickness of the active layer in ROMS scales with excess shear stress (Harris and Wiberg, 1997; Warner et al., 2008) and is 256 at least a few median grain diameters thick (Harris and Wiberg, 1997; see Supplement). 257
Bulk Critical Shear Stress for Erosion for Cohesive Sediment 258
An important difference between cohesive and non-cohesive sediment behavior is that the erodibility of cohesive sediment is 259 treated primarily as a bulk property of the bed, whereas the erodibility of non-cohesive sediment is treated as the property of 260 individual sediment classes. The erodibility of cohesive sediment often decreases with depth in the bed, resulting in depth-261 limited erosion (Type 1 behavior according to Sanford and Maa, 2001) . When the cohesive bed module is used, the 262 erodibility of cohesive beds depends on the bulk critical shear stress for erosion cb τ (Pa), which is a property of the bed 263 layer, not individual sediment classes, and generally increases with depth in the bed. It also changes with time through 264 swelling and consolidation and, in the uppermost layer, is affected by erosion and deposition. The cohesive bed model tracks 265 these changes by updating profiles of cb τ at each grid point during each baroclinic timestep.
266
There is no generally accepted physically based model for determining cb τ from bed properties such as particle size, 267 mineralogy, and porosity. We adopted Sanford's (2008) heuristic approach based on the concept that the bulk critical shear 268 stress profile tends toward an equilibrium profile that depends on depth in the seabed ( Figure 1 where the summations are computed over the k bed layers and i sediment classes, fi (dimensionless) is the fractional amount 278 of sediment class i, i ρ (kg/m 3 ) is particle density in class i, and k z ∆ (m) is the thickness of layer k. Equation 3 can be written 279 in terms of the power-law fits to erosion-chamber measurements presented by Dickhudt (2008) and Rinehimer et al. (2008; 280 see Supplement). The instantaneous bulk critical shear stress profile is nudged over time scale Tc or Ts (s) toward the 281 equilibrium profile to represent the effects of consolidation or swelling following perturbations caused by erosion or 282 deposition. Tc is the time scale for consolidation and is applied when the instantaneous profile is more erodible than the 283 equilibrium value, while Ts is the time scale for swelling and is applied when the instantaneous profile is less erodible than 284 the equilibrium value. The consolidation time scale is usually chosen to be much shorter than the one associated with 285 swelling (Sanford, 2008) . New sediment deposited to the surface layer is assigned a bulk critical shear stress that may either 286 be (1) held constant at a low value (Rinehimer et al. 2008 ), or (2) set at the instantaneous bed shear stress of the flow. 287
Mixed Sediment 288
Mixed-sediment processes occur when both cohesive and non-cohesive sediment are present, and are typically sensitive to 289 the proportion of mud. Beds with very low mud content (<3%; Mitchener and Torfs, 1996) behave as non-cohesive 290 sediment: erodibility is determined by particle critical shear stress, which is an intrinsic characteristic of each particle class. 291
Non-cohesive beds may be winnowed and armored by selective erosion of the finer fraction. In contrast, beds with more than 292 3% to 15-30% (Mitchener and Torfs, 1996 have low to moderate mud content (3% to 30%, subject to user specification) and their critical shear stress in the model is a 297 weighted combination of cohesive and non-cohesive values determined by the cohesive-behavior parameter Pc, which ranges 298 from 0 (non-cohesive) to 1 (cohesive; see Supplement). Where Pc = 0, there is no cohesive behavior, and the particle shear 299 stress c τ for each sediment class is the effective critical shear stress ce τ for that class. Where Pc = 1, the cohesive sediment 300 algorithm is used, and the effective critical shear stress for each class is the greater of c τ and the bulk critical shear stress
301
. Between those limits, the effective critical shear stress for each sediment class is 302
This is approach allows fine material (e.g., clay) to be easily resuspended when Pc is low and only a small fraction of mud is 304 present in an otherwise sandy bed, and it limits the flux to the amount available in the active mixed layer. It also allows non-305 cohesive silt or fine sand embedded in an otherwise muddy bed to be resuspended during bulk erosion events when Pc is 306 cb τ 12 high, and it provides a simple and smooth transition between these behaviors. The thickness of the active mixed layer is 307 calculated as the thicker of the cohesive and non-cohesive estimates. Figure 2 illustrates mixed-bed behavior as the mud (in 308 this case, clay-sized) fraction fc increases for a constant bottom stress of 0.12 Pa. At low fc, Pc is zero (Figure 2a ), and clay 309 and silt are easily eroded (high relative flux rates out of the bed; Figure 2c ) because the particle critical shear stress for non-310 cohesive behavior of these fine particles is low ( Figure 2b ). The relative flux rates in Figure 2b are normalized by the 311 fractional amount of each class and the erosion-rate coefficient; the actual erosional fluxes for clay content would be low at 312 Pc = 0 because of the low clay content in the bed. As fc increases and the bed becomes more cohesive, relative erosion flux 313 rates decline. When fc exceeds a critical value (0.2 in the example shown in Figure 2 ), the bed is completely cohesive and 314 erosion fluxes are determined by bulk critical shear stress for erosion of cohesive sediment cb τ .
315
Non-cohesive sediment classes are subject to bedload transport when the bottom stress exceeds both the bulk critical shear 316 stress of the top (active) layer and the particle critical shear stress for that class. In these cases, the transport-rate equations 317 still calculate bedload transport based on excess shear stress associated with the non-cohesive particle critical shear stress, as 318 described in Warner et al (2008) . Cohesive classes are not subject to bedload transport; if the bulk critical shear stress of the 319 bed is exceeded, we assume they will go directly into suspension. 320
Bed Mixing 321
Mixing of bed properties in sediment can be caused by benthic fauna (ingestion, defecation, or motion such as burrowing) or 322 circulation of porewater, and tends to smooth gradients in stratigraphy and move material vertically in sediment. The model 323 (e.g., Boudreau, 1997) assumes that mixing is a one-dimensional vertical diffusive process and neglects non-local and lateral 324 mixing processes: 325
where Cv is the volume concentration of a conservative property (e.g., fractional concentration of sediment classes or 327 porosity), Db is a (bio)diffusion coefficient (m 2 /s) that may vary with depth in the bed (see below), and z (m) is depth in the 328 bed (zero at the sediment-water interface, positive downward). We have discretized Equation (7) using the varying bed 329 thicknesses and solve it at each baroclinic time step using an implicit method that is stable and accurate (See Supplement). 330
Biodiffusivity is generally expected to decrease with depth in the sediment (Swift et al., 1994; 1996) , but is often assumed to 331 be uniform near the sediment-water interface. The typical depth of uniform mixing, based on worldwide estimates using 332 radionuclide profiles from cores, is 9.8±4.5 cm (Boudreau, 1994) . Rates of biodiffusion estimated from profiles of excess 333 13 234 Th on a muddy mid-shelf deposit off Palos Verdes (California, USA) varied from ~2 cm 2 /yr to ~80 cm 2 /yr (Wheatcroft 334 and Martin, 1996; Sherwood et al., 2002) and values from the literature range from 0.01 -100 cm 2 /yr (Boudreau, 1997; 335 Lecroart et al., 2010) . The depth-dependent biodiffusion rate profile in the model must be specified for each horizontal grid 336 cell using a generalized shape described in the Supplement. 337
Representation of seabed properties, i.e. the stratigraphy, has been modified slightly from the framework presented in 338 Warner et al. (2008) . The revised bed model gives the user latitude to control the resolution of the bed model through the 339 choice of new layer thickness and the number of bed layers, and avoids the mixing described by Merkel The following cases demonstrate the cohesive-sediment processes included in ROMS, explore model sensitivity to 350 parameters, and provide candidates for inter-model comparisons. 351
Floc Model 352
Tests using a quasi one-dimensional vertical implementation of ROMS were conducted to verify that the floc model was 353
implemented correctly and to gain some insight into model behavior under typical coastal conditions. 354 G=15 s -1 that caused floc growth followed by long periods (15 h) of very strong turbulent shear rates (G=400 s -1 ) that caused 370 disaggregation. We simulated the first cycle of floc formation using the size classes, fractal dimension, and concentrations 371 provided by Keyvani and Strom (2014) , but varying the aggregation parameter α and the breakup parameter β that determine 372 the final equilibrium diameter. Our model results with α=0.1 and β=0.0135 (Figure 3b ) reproduced the observations with 373 higher skill than the simple model used in their study. The same final diameter was obtained with α=0.45 and β=0.06, but the 374 equilibrium was attained more quickly than observed. 375
Comparison with laboratory experiments
These comparisons with laboratory results indicated that our implementation of FLOCMOD in ROMS was correct and 376 demonstrated that the model has useful skill in representing floc dynamics. 377
Comparison to equilibrium floc size 378
Simulations were conducted to further evaluate the ROMS implementation of FLOCMOD by comparing modeled 379 equilibrium floc sizes to equilibrium floc sizes predicted by Winterwerp (2006) . He argued that, in steady conditions, 380 equilibrium floc sizes are determined by the fractal dimension nf, ratio of aggregation rates and breakup rates, concentration 381 C (kg/m 3 ), and turbulence shear rate G (s -1 ). The equilibrium median floc size D50 (m) is given by 382
where kA and kB are aggregation and breakup coefficients, respectively (Winterwerp, 1998) . The units of kA and kB depend on 384 fractal dimensions, but the ratio has units of m 4 kg -1 s -1/2 . We compared our FLOCMOD results with this theoretical 385 relationship by running cases with steady conditions, nf = 2, for a range of concentrations (C = 0.1 to 10 kg/m 3 ), a range of 386 shear rates (G = 0.025 to 100 s -1 ), and several combinations of aggregation and breakup parameters α and β. The results show 387 15 that equilibrium floc size increases with concentration and decreases with turbulence shear rate, as expected ( Figure 3c ). 388
Equilibrium diameter is strongly controlled by concentration, and turbulence is more effective at reducing average diameter 389 at lower concentrations. The slope of the relationship between the equilibrium diameter and / C G varies with the ratio of 390 aggregation to breakup. Winterwerp (1998) suggested a slope of about 4x10 3 m 4 kg -1 s -1/2 . Figure 3c demonstrates that a range 391 of slopes can be obtained by varying the ratio α/β. The model reproduced the linear response predicted by Winterwerp 392 (1998) except near the largest sizes, where our upper limit in floc class size (5000 µm) distorted the statistics. Although not 393 shown in Figure 3c , the floc populations evolved at different rates, depending on α and β, as indicated in Figure 3b We demonstrate this process using 22 floc classes with logarithmically spaced diameters ranging from 4 to 5000 µm (Figure  417 4). The initial vertical concentration profile was uniform at 0.2 kg/m 3 , all in the 8-µm class. The model started from rest, and 418 the initial response was slow particle settling in the nearly inviscid flow: concentrations, floc sizes, and settling velocities all 419 decreased near the surface (Figures 4a, b, and c) . As the flow accelerated in the first two hours, turbulence generated by 420 shear at the bottom began to mix upward in the water column, diffusing settled material higher and facilitating collisions and 421 aggregation among flocs. Between hours 3 and 4, settling was enhanced by these newly formed larger flocs, as is apparent in 422 increases in average diameter and settling velocities, and reduced concentrations near the surface. Equilibrium was nearly 423 established by about hour 5. At the end of the model run, the total concentration profile decreased exponentially with 424 elevation (Figure 4d and 4g velocities and bottom stress, initialized with zero velocity and zero suspended-sediment concentration, and did not include 465 floc dynamics in the water column. 466
Non-cohesive bed simulation 467
A non-cohesive bed simulation with a water depth of 20 m and periodic boundary conditions was used to demonstrate the 468 generation and preservation of sand and silt stratigraphy during a resuspension and settling event ( Figure 5 ). The model was 469 forced with two stress events ~ 1.5 d apart and lasting 1.5 d and 1 d respectively. Four sediment classes, representing 470 particles with nominal diameters of 4, 30, 62.5, and 140 µm, particle critical shear stresses of 0.05, 0.05, 0.1, and 0.1 Pa, and 471 settling velocities of 0.1, 0.6, 2, and 8 mm s -1 were used. Although the diameters of the first two sediment classes 472 corresponded to mud, all sediment classes in this experiment were treated as non-cohesive material. The initial sediment bed 473 contained 41 layers, each 1 mm thick, and each holding equal fractions (25%) of the four sediment classes. New sediment 474 layers were constrained to be no more than 1 mm thick. 475
The first, larger stress event (maximum = 1 Pa; Figure 5b ), eroded 1.2 cm of bed, and expanded the active layer to a 476 thickness of 0.8 cm, so the bed was disturbed to a depth of 2 cm. Expansion of the active layer homogenized enough layers 477 to provide 0.8 cm of sediment, making more fine sediment available for resuspension. The finer fractions dominated the 478 suspended sediment in the water column, which contained only a small fraction of the coarsest sand (Figure 5a ). When the 479 stress subsided, coarser sediment deposited first, while finer material remained suspended, producing thin layers of graded 480 bedding above the 2-cm limit of initial disturbance (Figure 5d ). 481
The second stress pulse eroded the bed down to 1 cm but only resuspended minimal amounts of the 140-µm sand. 482 Deposition resumed after the second pulse subsided and, at the end of the simulation, some mud remained in the water 483 column (Figure 5a ), leaving the bed with net erosion of 5 mm (Figure 5d ). The finest material (4 µm) remained mostly in 484 suspension after five days. The final thickness of the bottom five layers was smaller than their initial value (1 mm), because, 485 to maintain a constant number of bed layers, the deepest layer was split each time a surface layer was formed during 486 deposition. The two stress pulses affected sediment texture down to 2 cm. Above this level, almost all of the finest class was 487 winnowed, and remained mostly in suspension while the other classes settled to the bed, so that the upper bed layers 488 developed a fining-upward storm layer. The bottom portion of the storm layer (1 -2 cm depth) was a lag layer comprised of 489 the two coarsest classes, both because these resisted erosion and because the sand that did erode settled to the bed quickly 490 when shear stress decreased. 491
Mixed bed simulation 492
This case examined the stratigraphic consequences of cohesive behavior resulting from a single bottom-stress event (Figure  493 6). The model configuration was similar to the previous example. The same sediment classes were used, but the two finest (4 494 and 30 µm) were treated as cohesive mud, while the other two remained non-cohesive (sand). The fraction of cohesive 495 sediment (f c = 0.5) exceeded the chosen non-cohesive threshold (fnc threshold = 0.2), so the bed behaved as if it were 496 completely cohesive. The cohesive formulation required the initialization of an equilibrium bulk critical stress profile for 497 erosion. We chose parameters within the range of sensitivities studied by Rinehimer et al. (2008) and specified an 498 equilibrium profile with a slope = 2 ln(kg/m 2 ) and an offset of 3.4 ln(kg/m 2 ), with a minimum value of 0.03 Pa and a 499 maximum of 1.5 Pa (dashed magenta line in Figure 6b ) and initialized the model with this profile (solid purple line in Figure  500 6b). The time scale for consolidation was set to Tc= 8 hours. The swelling time scale was chosen to be 100 times longer than 501 consolidation (Ts = 33 days). A time series of bed stress was imposed (Figure 6a ), and the bed responded initially by 502 eroding. As the imposed stress waned starting at day 37, sediment settled to the bed causing deposition. The initial rapid 503 increase in bottom stress during the first 0.7 days (Figure 6a ) exceeded the critical stress of the bed to a depth of 2.4 cm (red 504 line in Figure 6c ), causing resuspension and erosion of the top 5 mm of the bed. In this case, the amount of material eroded 505 was limited by the erosion rate coefficient. The equilibrium critical stress profile, which has a static shape, shifted down with 506 the sediment-water interface (compare dashed magenta line in Figures 6b, c) . After the initial erosion, the instantaneous 507 critical stress profile tended toward the equilibrium critical stress profile over the slow swelling time scale of 33 days, 508 rendering the bed progressively more erodible (compare Figures 6c, d) . The process of swelling, while slow, rendered the 509 bed more erodible, and an additional 2-3 mm of sediment was removed by day 32. By day 38, the stress had waned and 4 510 mm of sediment had redeposited (Figure 6d ). The equilibrium critical stress profile had shifted upward with the bed surface, 511 causing the instantaneous critical stress to increase over the short compaction time scale. The final instantaneous critical 512 shear stress profile (Figure 6e ) had almost reached the long-term equilibrium everywhere except in the most recent deposits. 513
This case exemplifies the sequence of depth-limited erosion, deposition, and compaction that characterizes the response of 514 mixed and cohesive sediment in the model. 515
Biodiffusion simulations 516
We validated the numerical performance of the biodiffusion algorithms using two analytical test cases with a realistic range 517 of parameters. The implicit numerical solution is unconditionally stable and conserves mass to within 10 -8 %, but the 518 accuracy depends on time step, gradients in biodiffusivity, and bed thickness. Typical RMS differences in the fractional 519 amount of sediment in a particular class between the numerical solutions and the analytical solutions ranged from 10 -2 to 10 -520 6 . We found that, for modeled beds 5 m thick, solutions improved as layer thickness decreased from 50 to 5 cm, but beyond 521 that, higher resolution did not substantially improve the solution. Even in the worst case, where the numerical solution was 522 off by 1%, it was much more precise than our estimates of biodiffusivity coefficients. 523
Four cases are presented to demonstrate bed mixing (Figure 7) . The first two used the same configuration as in the non-524 cohesive (Figures 5, 7a ) and mixed-bed simulations (Figures 6d, 7b) . The second two were identical to the mixed-bed case 525 except that biodiffusive mixing was enabled. The biodiffusivity profile used was similar to that proposed for the mid-shelf 526 deposit offshore of Palos Verdes, CA (Sherwood et al., 2002) that had a constant diffusivity Dbs from the sediment-water 527 interface down to 2 mm, an exponential decrease between 2 mm and 8 mm, and a linear decrease to zero at 1 cm depth. 528
These two cases differed in their biodiffusion coefficients: a) the first used relatively large biodiffusion coefficients (Dbs = 529 10 -5 m 2 s -1 ); b) the second used smaller values (Dbs = 10 -10 m 2 s -1 ). 530
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The resulting stratigraphy after the five-day simulation (Figure 7) indicates that mixing in the case with large biodiffusivity 531 ( Figure 7c ) tended to smooth all gradients rapidly and only during depositional conditions was the vertical structure of grain 532 size fractions preserved. Some sediment remained in suspension in all four cases, which was reflected in the final bed 533 elevation. The resulting top 1 cm of the bed was always well mixed and the depth of the disturbed sediment at the end of the 534 simulation was deeper (2.5 cm) in this case than in the other simulations. Sediment deeper than 2.5 cm below the surface was 535 undisturbed: it was beyond the reach of erosion, active-layer formation, and biodiffusion. The biodiffusive mixing increased 536 recruitment of fine sediment into the surface active layer during erosion, resulting in increased concentrations in the water 537 column (not shown) compared to the mixed bed case without biodiffusion. 538
The case with a smaller biodiffusion coefficient (Figure 7d ) developed stratigraphy intermediate to those cases with large 539 and zero biodiffusion. The depth of disturbed sediment was 2.3 cm and the transition between redeposited sand and mud was 540 smooth with coarse sand being present at the surface of the bed. This gradual size gradation was intermediate to the sharp 541 jump in the fractional distribution between mostly sandy layers and predominantly muddy layers produced in cases that 542 neglected mixing (Figure 7a,b ) and the smooth gradient produced by the strong mixing case (Figure 7c ). 543
Estuarine Turbidity Maxima 544
High concentrations of suspended sediment often occur near the salt front in estuaries, forming estuary turbidity maxima 545 (ETM). We present ETM test cases that simulated sediment transport in a two-dimensional (longitudinal and vertical) salt-546 wedge estuary with tidal and riverine forcing. The cases investigated the formation of cohesive deposits beneath the ETM 547 with and without floc dynamics. The first case, without floc dynamics but with a mixed bed, is presented here. The second 548 case, presented below, adds floc dynamics. The model was forced with a 12-hour tidal oscillation modulated with a 14-day 549 spring-neap cycle. The idealized estuary was 100-km long with a sloping bottom 4 m deep at the head of the estuary and 10 550 m deep at the mouth (Figure 8a) . In all cases, the simulations were run for twenty tidal cycles. Two non-cohesive sediment 551 classes (180-and 250-µm diameter) were represented with equal initial bed fractions (50% of each). One cohesive fraction 552 (37 µm, ρf = 1200 kg/m 3 , ws = 0.13 mm/s) was included, with an initial uniform suspended-sediment concentration of 1 553 kg/m 3 . The bed was initialized without any cohesive sediment, so it initially behaved non-cohesively. Later in the simulation, 554 bed behavior became mixed as suspended mud settled and was incorporated into the initially sandy bed. The chosen 555 equilibrium bulk critical shear stress profile (Equation 3) had slope = 5 ln(kg/m2) and offset = 2 ln(kg/m 2 ), with a minimum 556 value of 0.05 Pa and a maximum of 2.2 Pa. The time scale for consolidation was set to Tc=8 hours (Sanford, 2008; 557 Rinehimer, 2008) , and the swelling time scale was set to Ts=33 days. 558
During the simulations, salinity and suspended-sediment field evolved into dynamic equilibria that were repeated over 559 consecutive tides. An estuarine turbidity maximum (ETM) developed between 10 km and 60 km from the mouth of the 560 21 estuary (Figure 8a ) in the salt wedge generated by gravitational circulation and tidal straining (Burchard and Baumert, 1998; 561 MacCready and Geyer, 2001 about half of the bottom layer. The bed sediment response for the two cases also differed. In the no-floc case, the ETM 572 deposit was slightly thinner, located closer to the mouth, and varied less from slack to flood (Figure 8c ). Floc dynamics 573 created large tidal variations in the size of bed material (Figure 8d ), which ranged up to 600 µm as flocs deposited during 574 slack, and decreased to 37 µm as flocs were resuspended during flood. The behavior in the unflocculated case was less 575
intuitive. Over the course of the simulation, enough fine material accumulated beneath the ETM to cause the bed to behave 576 cohesively, but the top, active layer remained mostly non-cohesive. During flood tide, bottom stresses were sufficient to 577 resuspend the non-cohesive 70 µm material, leaving the cohesive 37 µm material on the bed. Thus, in both cases, the bed 578 became finer during period of higher stress, but for different reasons. The two cases highlight the model-dependent changes 579 in location (driven primarily by settling velocities) and size distributions (driven by floc dynamics) of the ETM. 580
We next expanded the numerical experiment, using six floc cases to elucidate the effects of floc dynamics in the idealized 581 estuary ( Table 1 ). The two-dimensional model domain was the same as the ETM case described above. Three types of floc 582 behavior in the seabed were investigated: (1) no changes in size distribution occurred in the bed; (2) the floc evolution 583 process in the bed was invoked, which nudged all cohesive sediment into the 20-µm class over a long time scale (50 hours); 584 and (3) the floc evolution process was invoked with a short time scale (5 hours). Additionally, three other combinations of 585 aggregation ( α ) and disaggregation ( β ) rates were used with the slow floc evolution in the bed rate to explore floc 586 processes in the water column (Table 1 ). The following six metrics were compared at the location of the maximum depth-587 mean suspended-sediment concentration (SSC): depth-mean SSC; maximum SSC; median size (D50); 12-h mean of the D50; 588 depth-mean settling velocity ws; and depth-mean ws averaged over a 12-h tidal period (Table 1 ). The median size and mean 589 22 settling velocities were weighted by the mass in each class. Also listed in Table 1 are the locus of the maximum deposition, 590 the thickness at that location, and the median size of deposited material at that location. 591
Mean SSC in the ETM did not vary significantly among the floc cases, but the maximum SSC (located lower in the water 592 column) increased when the ratio of aggregation rate / disaggregation rate / α β was higher, which led to larger, faster-593 settling flocs. Among the four cases (3 -6) with slow floc evolution rates in the bed, settling velocities, maximum SSC, and 594 floc size covaried. The locus of maximum deposition of ETM material was insensitive to the algorithms for floc evolution in 595 the bed (cases 1 -3), and most sensitive to the overall floc rates. The range of ETM locations is listed in Table 6 to highlight 596 the cases where ETM location varied. The case with lowest floc rates (case 5) produced the farthest upriver deposit, with the 597 most variation in the location of the maximum. The case with the highest settling velocities (case 6) produced deposits 598 closest to the estuary mouth. Overall, the simulated ETM was more sensitive to changes in floc parameters than to prescribed 599 behavior of the floc evolution in the seabed, and the greatest effect of varying floc dynamics was the vertical location of the 600 ETM, which was controlled by floc size and settling velocity. River channels consists of fine-grained material. We found that it was important to modify the sediment bed layering 612 management scheme, as discussed in section 5 below, to resolve the high gradients in bed erodibility evident in the sediment 613 bed model (i.e. Fall et all 2014) and data (i.e. Dickhudt et al. 2009 Dickhudt et al. , 2011 . 614
In this implementation, sediment deposited to the bed provided an easily erodible layer with an assumed low critical stress, τc 615 = 0.05 Pa. The modeled sediment bed erodibility and suspended-sediment concentrations both were found to be sensitive to 616 parameterization of the equilibrium critical stress profile, and to the consolidation and swelling timescales used (Fall et 
